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Abstract In this study, slow strain rate tensile testing at elevated temperature is
used to evaluate the inﬂuence of temperature and strain rate on deformation be-
haviour in two different austenitic alloys. One austenitic stainless steel (AISI
316L) and one nickel-base alloy (Alloy 617) have been investigated. Scanning
electron microscopy related techniques as electron channelling contrast imaging
and electron backscattering diffraction have been used to study the damage and
fracture micromechanisms. For both alloys the dominante damage micromech-
anisms are slip bands and planar slip interacting with grain bounderies or pre-
cipitates causing strain concentrations. The dominante fracture micromechanism
when using a slow strain rate at elevated temperature, is microcracks at grain
bounderies due to grain boundery embrittlement caused by precipitates. The de-
crease in strain rate seems to have a small inﬂuence on dynamic strain ageing at
650◦C.
c© 2014 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1404104]
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Energy production by power plants must be more efﬁcient to meet the increasing energy con-
sumption. A higher efﬁciency can be established by increasing temperature and pressure in the
boiler sections. This gives higher demands on the materials that should operate within these power
plants. Not only is great high-temperature corrosion resistance of importance but also the mechan-
ical behaviour during slow deformation because these alloys can undertake low deformation rates
from 10−5 s−1 (low cycle fatigue) to 10−7 s−1 (creep) during service.1,2
Current study was focused on damage and fracture micromechanisms related to low strain
rate and high-temperature in two austenitic materials. Using uniaxial slow strain rate tensile
testing (SSRT) at high-temperatures, the inﬂuence of low strain rates on these mechanisms could
be investigated. Also precipitation due to high-temperature and deformation could be coupled to
the damage and fracture behaviours.
The austenitic stainless steel, AISI 316L and the nickel-base alloy, Alloy 617 were used in
this study. Both types were solution treated before testing, AISI 316L at 1 050◦C for 10 min and
Alloy 617 at 1 175◦C for 20 min. Table 1 shows the chemical composition of the materials.
For the SSRT a Roell–Korthaus and an Instron 5982 tensile test machines were employed.
The tensile test machines were equipped with a MTS 653 furnace and Magtec PMA-12/2/VV7-1
a)Corresponding author. Email: mattias.calmunger@liu.se.
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Table 1. Nominal composition of the austenitic materials in weight (%).
Alloy wC wSi wMn wCr wNi wMo wCu wW wCo wNb wTi wAl wN wFe
AISI 316L 0.04 0.4 1.7 17.0 12.0 2.6 – – – – – – – b∗
Alloy 617 0.061 0.04 0.02 22.53 b∗ 9.0 0.011 0.02 12.0 0.02 0.46 0.009 0.005 1.1
b∗ = balance
extensometer and ElectroHeat Sweden furnace and Epsilon extensometer respectively. No exten-
someter was used when Alloy 617 was tested using 10−6 s−1 at elevated temperatures. Round-
bar specimens with 5 mm in diameter and 50 mm gauge length were used. Three temperatures:
room temperature (RT), 650◦C, and 700◦C, were used. Alloy 617 was tested using strain rates
of 10−2 s−1 down to 10−6 s−1, AISI 316L was tested using the strain rates of 2×10−3 s−1 and
10−6 s−1. All tensile tests were performed in air.
For the microstructural investigation of deformation and fracture behaviour the scanning elec-
tron microscopy (SEM) techniques electron channeling contrast imaging (ECCI) and electron
backscatter diffraction (EBSD) were used. ECCI uses the interaction between backscattered elec-
trons and the crystal planes to generate contrast resulting in an image where local orientation, de-
fects, and strain ﬁelds are shown as contrast variations.3,4 To enable the use of ECCI and EBSD,
which are surface sensitive techniques, specimens have to be carefully prepered.5
Dynamic strain ageing (DSA) may occur in these alloys and is characterized by serrated yield-
ing during plastic deformation. The serrated yielding comes from pinning and unpinning of dis-
locations by solute interstitials and substitutional atoms, at lower and higher temperatures respec-
tivly, denoted Portevin–Le Chaˆtelier (PLC) effect.6–13 Strain rate and temperature are inﬂuencing
DSA, because the dislocation movement rate is inﬂuenced by deformation rate and temperature;
temperature also inﬂuences the diffusion rate of the solute atoms.6,11–13 None of the tested mate-
rials showed DSA at RT, but both materials showed DSA at elevated temperatures for all tested
strain rates. For both AISI 316L and Alloy 617 the dominant PLC effects are B-type and C-type
at the tested conditions. B-type serrations means that the stress oscillates from an origin stress
level and C-type of serration is characterized by a sudden drop in stress and then raises to the
normal stress level.13,14 AISI 316L shows C- and (B+C)-types at 650◦C and 700◦C respectively
when using a strain rate of 2×10−3 s−1. When using a strain rate of 10−6 s−1, AISI 316L shows
B-type serrations at both elevated temperatures. Alloy 617 shows two shifts of serration types
for both elevated temperatures, ﬁrst from B-type to C-type when decreasing the strain rate from
10−2 s−1 to 10−3 s−1. The second shift comes when the strain rate decreases from 10−5 s−1 down
to 10−6 s−1, where B-type becomes dominant. At 700◦C both B- and C-types are present when
using a strian rate of 10−5 s−1. The PLC effects are present from low strain values until fracture
for all tested strain rates at both elevated temperatures, except of strain rates of 10−3 s−1 and
10−4 s−1 in Alloy 617. At both elevated temperatures when using a strain rates of 10−3 s−1, the
serrated yielding is present at low strain levels up to around 20% but DSA also appears just before
fracture. For 10−4 s−1 at 650◦C the PLC effect disappears after approximately 4% strain and after
around 12% with a few serration drops at 22% strain at 700◦C. This behaviour could be described
as a mismatch of the rates of solute atoms and moving dislocation, which could differ along the
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stress–strain curve and therefore serrations can appear just before fracture, where the local strain
rate might be higher. It has been reported that in Alloy 617, the serration amplitude increases with
increasing temperature from ∼8 MPa at 300◦C up to ∼20 MPa at 700◦C, when using a strain
rate of 10−3 s−1.11 Strain rate has also been reported to inﬂuencing the serration amplitude, from
∼ 4–10 MPa up to∼ 20–25 MPa, when the strain rate decreases from 10−3 s−1 down to 10−5 s−1
at 600◦C.12 In the current study the serration amplitudes were about 6 MPa, 8 MPa, 4.5 MPa,
5 MPa, and 10 MPa at 650◦C when strain rates of 10−2 s−1, 10−3 s−1, 10−4 s−1, 10−5 s−1, and
10−6 s−1 were used respectivly. The serration amplitudes for AISI 316L show a similar devel-
opment at 650◦C as Alloy 617, it increases from ∼5.5 MPa up to ∼7.5 MPa when the strain rate
decreases from 2×10−3 s−1 down to 10−6 s−1. However, the present study showed a lower serra-
tion amplitude for Alloy 617 than previous mentioned studies, but showed that strain rates seems
to have a small effect on the serration amplitude at 650◦C.
The elongation to fracture performance is signiﬁcantly affected by strain rates for both tested
alloys. At RT the elongation to fracture increases with decreasing strain rate for AISI 316L, when
using a strain rate of 2× 10−3 s−1 it is 53% and 67% at 10−6 s−1. This behaviour is probably
due to the lower deformation rate that causes the dislocation mobility to decrease and therefore
resulting in a lower stress level when using a strain rate of 10−6 s−1. At elevated temperatures
and low strain rates, AISI 316L shows a decrease in ﬂow stress during tensile deformation due to
dynamic recrystallization (DRX) and dynamic recovery (DRV) (Figs. 1(a) and 1(b)).15–18 How-
ever, these recovery mechanisms contribute to an increase in elongation to fracture, from about
33% to about 46% when the strain rate decreases from 2×10−3 s−1 down to 10−6 s−1 (Fig. 2(a)).
For Alloy 617 the elongation to fracture is increasing when using strain rates of 10−2 s−1 down to
10−4 s−1 for both temperatures (Fig. 2(a)). With even slower strain rates the elongation to frac-
ture drops dramatically for both temperatures (Fig. 2(a)), 700◦C has lower ductility than 650◦C
when using a strain rate of 10−6 s−1 but has a higher tensile strength (Fig. 2(b)) which can explain
the differences in elongation to fracture. The higher tensile strength at 700◦C could be due to a
higher precipitation rate than at 650◦C. Precipitates may form during the slow deformation pro-
cess generated by SSRT at elevated temperatures (Figs. 1(a) and 1(b)), in Fig. 1(b) the small black
dots corresponds to errors in the detection and noise reduction by the EBSD software. For AISI
316L the long expose time at elevated temperatures when using a strain rate of 10−6 s−1 leads to
the formation of a harmful oxide, however it seems not to be affecting the elongation to fracture
as much as the recovery mechanisms does. The fracture surfaces show differences in fracture
appearance related to the elongation to fracture performance (Fig. 3). When using a strain rate
of 10−3 s−1 at elevated temperatures the fracture surface consits of dimples (Fig. 3(a)), but when
using a strain rate of 10−6 s−1 the fracture surface consist of a mixture of intergranular fracture
and slip band fracture (Fig. 3(b)). When Alloy 617 is deformed using a strain of rate 10−6 s−1
at RT, it shows much higher elongation to fracture (68.1%) and tensile strength (709 MPa), than
at elevated temperatures (22.5% and 442 MPa at 650◦C and 10.8% and 489 MPa at 700◦C). This
behaviour is probably due to grain boundary embrittlement caused by precipitates in the grain
boundaries and some times assisted by local DRX (Fig. 1(d)). In Alloy 617 nano-sized DRX
has been observed locally at grain bounderies in front of cracks at lower strain rates ( 10−5 s−1
and 10−6 s−1) and elevated temperatures.18 DRX has been found in Alloy 617 by others,11,19 in
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highly strained areas11 at temperatures above 800◦C when using a strain rate of 10−3 s−1 and it
has been found in creep deformed Alloy 617 at temperatures above 1 000◦C.20 However, it seems
that DRX may appear at lower temperatures than 800◦C during slow deformation, but restricted
to grain bounderies, and seems to affect the fracture behaviour.16
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Fig. 1. (Color online) Damage and fracture micromechanisms. AISI 316L ( 10−6 s−1) (a) at 700◦C and
(b) DRX at 650◦C (using EBSD grain average misorientation (GAM) map, where GAM below 3◦ means
recrystallized grain,19 black lines correspond to grain bounderies >10◦ and white color means zero solution
which in this case is caused by precipitates); Alloy 617 at 650◦C ((c) 10−4 s−1, (d) 10−6 s−1).
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Fig. 2. Inﬂuence of strain rate on mechanical properties at elevated temperatures: (a) elongation to fracture
and (b) tensile strength.
The dominant damage micromechanisms in Alloy 617, at all tested conditions, is interaction
between slip bands and grain bounderies causing strain concentrations (Fig. 1(c)). At all tested
temperatures when using strain rates down to 10−3 s−1 the dominant fracture micromechanism
is cracked particles or cracks between particle and matrix (Fig. 1(c)).11 When lower strain rates
are used at elevated temperature, small cracks in the grain bounderies due to the embrittlement
mentioned earlier, becomes the dominant fracture micromechanism and some times it is assited
by DRX (Fig. 1(d)). At RT and near the fracture surface, AISI 316L has a microstructure that
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Fig. 3. Fracture apperance of Alloy 617 at 650◦C using a strain rate of (a) 10−3 s−1 and (b) 10−6 s−1.
is heavily deformed from multi-direction slip bands and planar slip interacting with grain bound-
eries, causing damage as the strain concentrations in Alloy 617. At elevated temperatures when
using a slow strain rate, AISI 316L also shows the same fracture micromechanism as Alloy 617,
which means small cracks appear in the grain bounderies due to embrittlement from precipitates
(Fig. 1(a)). In Table 2 the results from present study are summarised. The high 0.2% offset yield
strength of AISI 316L at 700◦C when using a strain rate of 10−6 s−1 is probably assisted by the
precipitation.
Table 2. Summerised results from present study: temperature (T ), strain rate (ε˙), elongation to fracture (εf),
tensile strength (UTS), 0.2% offset yield strength (UYS), serration type (S.T.), and fracture micromechanisms
(F.mM.).
Alloy 617
T /◦C 23 650 700
ε˙ /s−1 2×10−3 10−6 10−2 10−3 10−4 10−5 10−6 10−2 10−3 10−4 10−5 10−6
εf/% 67.4 68.1 63.6 69.9 74.5 39.5 22.5 58.9 71.3 69.4 40.8 10.8
UTS/MPa 698 709 496 516 517 492 442 498 505 506 501 489
UYS/MPa 340 316 193 194 199 213 – 197 207 189 205 –
S.T. – – B C C C B B C C B+C B
F.mM. Cracked particle orinterface particle/matrix Cracks in GB
∗ Cracked particle or
interface particle/matrix Cracks in GB
∗
AlSl 316L
T /◦C 23 650 700
ε˙ /s−1 2×10−3 10−6 2×10−3 10−6 2×10−3 10−6
εf/% 53.1 67.9 33.7 32.9 46.1 46.0
UTS/MPa 559 548 316 189 276 172
UYS/MPa 239 196 103 105 100 152
S.T. – – C B B+C B
F.mM. Voids Cracks
in GB∗ Voids
Cracks
in GB∗
GB∗ = grain boundaries
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